Introduction
============

Inflammatory bowel disease (IBD) is a chronic and recurrent disorder with unknown etiology ([@b1-ijmm-37-06-1457],[@b2-ijmm-37-06-1457]). IBD occurs mostly in young individuals, interfering with their education, working abilities and social life ([@b3-ijmm-37-06-1457]). IBD comprises ulcerative colitis (UC) and Crohn\'s disease (CD), which have different clinical manifestations, courses and prognoses ([@b1-ijmm-37-06-1457],[@b4-ijmm-37-06-1457],[@b5-ijmm-37-06-1457]). Their clinical courses can vary from frequent relapses or chronic active disease to years of virtually complete remission ([@b3-ijmm-37-06-1457]). IBD affects 1.4 million individuals in North America and 2.2 millions in Europe, and the reported incidence has a range of 3--20/100,000 individuals per year ([@b6-ijmm-37-06-1457]--[@b8-ijmm-37-06-1457]). Although the incidence of IBD is low in Asia compared with North America and Europe ([@b2-ijmm-37-06-1457],[@b9-ijmm-37-06-1457],[@b10-ijmm-37-06-1457]), recent studies have indicated that the incidence of IBD in Asia is increasing ([@b2-ijmm-37-06-1457],[@b10-ijmm-37-06-1457]).

There is as yet no ideal treatment for IBD, and the treatment options available today comprise 5-aminosalicylates, corticosteroids, immunosuppressants such as thiopurine analogs, methotrexate and biological agents such as antibodies against tumor necrosis factor α (TNFα) ([@b1-ijmm-37-06-1457],[@b4-ijmm-37-06-1457],[@b5-ijmm-37-06-1457],[@b11-ijmm-37-06-1457]--[@b13-ijmm-37-06-1457]). While 5-aminosalicylates and corticosteroids are beneficial for many patients with IBD, they are not effective in the long term for most patients ([@b1-ijmm-37-06-1457],[@b4-ijmm-37-06-1457],[@b13-ijmm-37-06-1457]), and the short- and long-term side-effects of immunosuppressive drugs limit their use ([@b1-ijmm-37-06-1457],[@b4-ijmm-37-06-1457],[@b12-ijmm-37-06-1457]). Furthermore, although anti-TNFα therapy can be effective in IBD, only approximately 65% of patients respond to this treatment ([@b3-ijmm-37-06-1457],[@b11-ijmm-37-06-1457],[@b12-ijmm-37-06-1457],[@b14-ijmm-37-06-1457]--[@b20-ijmm-37-06-1457]).

There are two novel potential therapeutic candidates for the treatment of IBD: 3-\[(dodecylthiocarbonyl)-methyl\]-glutarimide (DTCM-G) and dehydroxymethylepoxyquinomicin (DHMEQ). DTCM-G is a synthetic derivative of 9-methylstreptimidone isolated from *Streptomyces* spp. that has been shown to possess potent anti-inflammatory effects and found to inhibit the lipopolysaccharide-induced activation of macrophages, possibly via the suppression of activator protein-1 (AP-1) ([@b21-ijmm-37-06-1457],[@b22-ijmm-37-06-1457]). DHMEQ is a newly designed low-molecular-weight nuclear factor-κB (NF-κB) inhibitor that has also demonstrated potent anti-inflammatory activity in many animal models ([@b23-ijmm-37-06-1457],[@b24-ijmm-37-06-1457]).

Animal models of IBD do not reproduce exactly the conditions in human IBD, but they are valuable for testing the efficacy of anti-inflammatory agents ([@b25-ijmm-37-06-1457]). Dextran sulfate sodium (DSS)-induced colitis has been considered to closely mimic the clinical and morphological features of human UC ([@b25-ijmm-37-06-1457]). The aim of this study was to elucidate the anti-inflammatory effects of the two novel anti-inflammatory substances, DTCM-G and DHMEQ, on DSS-induced colitis in rats.

Materials and methods
=====================

Rats
----

Male Wistar rats (Hannover GALAS; Taconic Farms, Lille Skensved, Denmark) with a mean body weight of 279.2 g (range, 228--382 g) were housed in Macrolon III cages with water and food available *ad libitum*. The standard diet provided to the rats (B&K Universal, Nittedal, Norway) consisted of cereal products (88.5%), soy protein (6%), animal protein (2.5%), soy oil (0.5%), and vitamins, minerals and amino-acid supplements (2.5%). The animals were maintained under a controlled environment at 21±1°C, a relative humidity of 55±5% and under a 12/12 h light/dark cycle.

The study was carried out in accordance with the Directive for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes of the European Union (86/609/EEC), in compliance with the Declaration of Helsinki. The local ethics committee for experimental animals approved the study protocols.

Study design
------------

Thirty animals were allowed to acclimatize in the animal house under the aforementioned conditions for 7 days prior to the commencement of the experiments. Colitis was induced in these rats by the administration of DSS for 7 days (as described below). The animals were then randomized into 3 groups with 10 animals in each group according to the planned treatments, which were administered intraperitoneally (i.p.), twice daily for 5 days in all groups, as follows: i) the control group received 0.5 ml of 0.5% carboxymethyl cellulose (CMC; vehicle), ii) the DTCM-G group received 20 mg/kg body weight DTCM-G in 0.5% CMC, and iii) the DHMEQ group received 15 mg/kg DHMEQ in 0.5% CMC. The methods used to synthesize DTCM-G and DHMEQ are described elsewhere ([@b21-ijmm-37-06-1457],[@b26-ijmm-37-06-1457]). At the end of the 5-day treatment period, the animals were sacrificed by CO~2~ inhalation, and a postmortem laparotomy was carried out in which the abdomen and colon were examined. Tissue samples were taken from the lower part of the colon for further, histological examination ([Fig. 1](#f1-ijmm-37-06-1457){ref-type="fig"}).

Induction of colitis by DSS
---------------------------

Colitis was induced by the administration of DSS as previously described ([@b27-ijmm-37-06-1457],[@b28-ijmm-37-06-1457]). Briefly, the normal drinking water was replaced with distilled water containing 5% DSS (mol. wt. 40 kD; TdB Consultancy, Uppsala, Sweden) for 7 days. The DSS solution was prepared daily, and the amount consumed by the rats was measured. The animals were monitored twice daily and were weighed on a daily basis. Animals with any signs of pain were injected subcutaneously with 1 ml of Temgesic solution (containing 0.3 g/ml Temgesic; Merck Pharmaceutical, Darmstadt, Germany).

The disease activity index (DAI)
--------------------------------

The DAI was used to measure the severity of the induced colitis. To this end, the animals were weighed, and the fecal consistency and presence and degree of occult or gross rectal bleeding were recorded daily. The DAI was determined (as described in detail elsewhere) ([@b29-ijmm-37-06-1457],[@b30-ijmm-37-06-1457]) by rating the percentage body weight loss (0, no body weight loss; 1, 1--5%; 2, 6--10%; 3, 11--15%; 4, 16%), fecal consistency (0, normal; 2, loose; 4, diarrhea) and the degree of rectal bleeding (0, normal; 2, occult bleeding; and 4, gross bleeding). The DAI was estimated as the sum of all of these scores divided by 3.

Histopathology and immunohistochemistry
---------------------------------------

The tissue samples taken from the colon during postmortem laparotomy were fixed overnight in 4% buffered paraformaldehyde, embedded in paraffin, and then cut into 5-µm-thick sections. The sections were deparaffinized and then stained with hematoxylin and eosin (H&E) or else immunostained using the ultraView Universal DAB Detection kit (v1.02.0018) and the BenchMark Ultra IHC/ISH staining module (both from Venata Medical Systems, Basel, Switzerland). For immunostaining, the sections were incubated with one of the primary antibodies for 32 min at 37°C. The primary antibodies used were monoclonal mouse antihuman CD45 (code no. M0701), monoclonal mouse anti-human CD47 (code no. I5647), monoclonal mouse antihuman CD68 (code no. M0814) and monoclonal mouse antihuman mast cell tryptase (code no. M7052) (all from Dako, Glostrup, Denmark). CD45 is considered as a common leukocyte antigen and is expressed exclusively on cells of the hematopoietic system and their progenitors. CD57 is expressed by subsets of natural killer cells and CD8^+^ lymphocytes, and by a small proportion of CD4^+^/CD45R0^+^ T lymphocytes. CD68 labels human monocytes, macrophages and myeloid cells. Human mast cell tryptases comprise a family of trypsin-like neutral serine proteases that are expressed predominantly in mast cells.

Histological grading of colitis
-------------------------------

The histological grading of DSS-induced colitis was performed using the H&E-stained sections by the same investigator (M.E.-S.) in a blinded manner as described previously ([@b31-ijmm-37-06-1457]). The following parameters were examined and graded: degree of inflammation (0, none; 1, slight; 2, moderate; 3, severe), extent of inflammation (0, none; 1, mucosa; 2, mucosa and submucosa; 3, transmural), regeneration (4, no tissue repair; 3, surface epithelium not intact; 2, regeneration with crypt depletion; 1, almost complete regeneration; 0, complete regeneration or normal tissue), crypt damage (0, none; 1, basal one-third damaged; 2, basal two-thirds damaged; 3, only surface epithelium intact; 4, entire crypt and epithelium lost) and the percentage involvement (1, 1--25%; 2, 26--50%; 3, 1--75%; 4, 76--100%).

Quantification of immune cells
------------------------------

The immune cells were quantified by counting immunopositive cells in 10 randomly selected microscopic fields for each immunostained immune cell type (i.e., leukocytes, lymphocytes, macrophages/monocytes and mast cells). Measurements were performed on a computer linked to a microscope (BX 43) that was equipped with a digital camera (DP 26) (both from Olympus, Tokyo, Japan), and using Olympus cellSens imaging software (version 1.7). The number of immune cells in the submucosa of each field was counted manually by pointing and clicking the computer mouse. A ×40 objective was used, for which each frame (field) on the monitor represented a tissue area of 0.035 mm^2^. The data are presented as density measurements (i.e., the number of immune cells per field). Immunostained sections were coded and mixed, and measurements were made by the same investigator (M.E.-S.), who was blinded to the identity of the sections (i.e., the treatment group from which they were taken).

Statistical analysis
--------------------

Differences between the control, DTCM-G and DHMEQ groups were tested using the Kruskal-Wallis non-parametric test, with Dunn\'s test as a post-test. The data are presented as the mean ± SEM values, and the threshold for statistical significance was set at P\<0.05.

Results
=======

DAI
---

The DAI values before treatment (i.e., at baseline) were 3.2±0.2, 2.9±0.2 and 3.1±0.3 in the control, DTCM-G and DHMEQ groups, respectively; the baseline DAI did not differ significantly between the 3 groups (P=0.7; [Fig. 2](#f2-ijmm-37-06-1457){ref-type="fig"}). After the 5 days of treatment, the DAI values were significantly lower in the DTCM-G (0.5±0.2) and DHMEQ (0.6±0.2) groups than in the control group (3.4±0.2; P\<0.0001 for both).

Histological grading of colitis
-------------------------------

At the endpoint of the experiment, histopathological examination of the colonic tissues revealed that the untreated control group had severe-to-moderate inflammation and disturbed mucosal architecture, crypt abscesses, edema, bleeding and infiltration of immune cells into the mucosa and submucosa. The only sign of inflammation observed in the animals treated with either DTCM-G or DHMEQ was a slight infiltration of immune cells into the submucosa ([Fig. 3](#f3-ijmm-37-06-1457){ref-type="fig"}). The total scores for the histological grading of colitis were significantly lower in the DTCM-G (2.2±0.2) and DHMEQ (2.8±0.4) groups than in the control group (11.9±0.6; P\<0.0001 and P\<0.001, respectively) ([Fig. 4](#f4-ijmm-37-06-1457){ref-type="fig"}).

Quantification of immune cells
------------------------------

The densities of submucosal leukocytes were 23.2±2.4, 7.1±0.9 and 5.9±0.8 cells/field in the control, DTCM-G and DHMEQ groups, respectively (Kruskal-Wallis test was significant at P\<0.0001) ([Figs. 5](#f5-ijmm-37-06-1457){ref-type="fig"} and [6](#f6-ijmm-37-06-1457){ref-type="fig"}). The densities of submucosal leukocytes were significantly lower in the DTCM-G and DHMEQ groups than in the control group (P\<0.001 and \<0.0001, respectively).

The densities of submucosal lymphocytes were 26.2±3.1, 8.1±1.2 and 7.8±0.8 cells/field in the control, DTCM-G and DHMEQ groups, respectively (Kruskal-Wallis multiple comparison test was significant at P\<0.0001) ([Figs. 5](#f5-ijmm-37-06-1457){ref-type="fig"} and [7](#f7-ijmm-37-06-1457){ref-type="fig"}). The density of lymphocytes was significantly lower in the submucosa of the DTCM-G- and DHMEQ-treated animals than in their vehicle-treated, control counterparts (P\<0.0001 for both).

The submucosal densities of macrophages/monocytes in the control, DTCM-G and DHMEQ groups were 21.8±2.2, 6.4±0.9 and 6.9±0.4 cells/field, respectively ([Figs. 5](#f5-ijmm-37-06-1457){ref-type="fig"} and [8](#f8-ijmm-37-06-1457){ref-type="fig"}) (Kruskal-Wallis test was significant at P\<0.0001). The densities of macrophages/monocytes in the submucosa were significantly lower in the DTCM-G- and DHMEQ-treated animals than in the control animals (P\<0.0001 for both).

The densities of mast cells in the submucosa of the control, DTCM-G and DHMEQ groups were 26.2±5.1, 7.4±1.0 and 6.6±0.9 cells/field ([Figs. 5](#f5-ijmm-37-06-1457){ref-type="fig"} and [9](#f9-ijmm-37-06-1457){ref-type="fig"}). There were significant differences between the 3 groups, as revealed by the Kruskal-Wallis test. The densities of mast cells in the submucosa were significantly lower in the DTCM-G- and DHMEQ-treated animals than in the control animals (P\<0.001 and P\<0.0001, respectively).

Discussion
==========

DSS-induced colitis closely mimics human UC and is a useful model for studying the inflammatory/recovery processes and for testing potential therapies ([@b31-ijmm-37-06-1457]). Similar to human UC, the animals suffer from diarrhea and rectal bleeding. The colitis induced by DSS is caused by a chemical injury to the intestinal epithelium, which results in the exposure of the lamina propria and the submucosa to luminal antigens and enteric bacteria, triggering inflammation ([@b32-ijmm-37-06-1457]). However, one limitation of this animal model is that it lacks the chronic changes seen in human UC ([@b32-ijmm-37-06-1457]).

DTCM-G and DHMEQ are novel anti-inflammatory agents with different modes of action: DTCM-G is an AP-1 inhibitor that inhibits the activation of macrophages and pro-inflammatory cytokines ([@b22-ijmm-37-06-1457],[@b33-ijmm-37-06-1457]), while DHMEQ inhibits the nuclear translocation of NF-κB by binding to the Rel-family components and inhibiting their DNA-binding activity ([@b34-ijmm-37-06-1457]-[@b36-ijmm-37-06-1457]). The migration of immune cells to the site of inflammation, and their subsequent activation are regulated by different cytokines and chemokines, which in turn are regulated by the transcription factors, AP-1 and NF-κB ([@b37-ijmm-37-06-1457]--[@b39-ijmm-37-06-1457]). DTCM-G and DHMEQ have been found to have a high potency for suppressing inflammation in animal models of various inflammatory diseases including IBD ([@b23-ijmm-37-06-1457],[@b24-ijmm-37-06-1457]).

In the present study, 5 days of treatment with either DTCM-G or DHMEQ reduced the inflammation observed in the rats with DSS-induced colitis, as indicated by the reduction in the DAI values, the histological grading score for colitis, and the infiltration of immune cells in the animals treated with these 2 agents compared to their vehicle-treated, control counterparts. These observations are in line with the previously reported effects of DHMEQ in a murine model of (DSS-induced) colitis, whereby pro-inflammatory cytokines such as interleukin (IL)-1β, TNFα, IL-6, IL-12p40, IL-17 and monocyte chemotactic protein-1 were suppressed following the administration of DHMEQ ([@b23-ijmm-37-06-1457]).

In addition to its anti-inflammatory effects, the administration of DHMEQ either i.p. or intravenously does not result in a detectable concentration in the blood; although there is a high concentration in the peritoneal cavity within 5 min following the i.p. administration of DHMEQ, and a rapid decrease 30 min thereafter, the drug cannot be detected in the bloodstream ([@b34-ijmm-37-06-1457]). Umezawa has proposed that DHMEQ exerts its effects locally via DHMEQ uptake by immune cells in the peritoneal cavity prior to their migration to sites of inflammation ([@b34-ijmm-37-06-1457]). This may explain the low toxicity of this agent observed in experimental animals.

There is considerable concern regarding the use of azathioprine and anti-TNFα antibodies, which are used in the clinical setting for the treatment of IBD, due to the possible increased risk of developing cancer when they are used on a long-term basis ([@b3-ijmm-37-06-1457],[@b4-ijmm-37-06-1457],[@b11-ijmm-37-06-1457],[@b12-ijmm-37-06-1457]). By contrast, both DTCM-G and DHMEQ exhibit anticancer activities against various types of cancers ([@b40-ijmm-37-06-1457]--[@b49-ijmm-37-06-1457]). The demonstrated anti-inflammatory and anticancer effects of DTCM-G and DHMEQ, and the absence of any apparent associated toxicity render them excellent therapeutic candidates for clinical use in the treatment of IBD.
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###### 

Disease activity index (DAI) values in the control, 3-\[(dodecylthiocarbonyl)-methyl\]-glutarimide (DTCM-G), and dehydroxymethylepoxyquinomicin (DHMEQ) groups (A) before and (B) after treatment. \*\*\*P\<0.0001 vs. controls.
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###### 

Histological appearances of the colon in (A) a control rat, (B) a 3-\[(dodecyl thiocarbonyl)-methyl\]-glutarimide (DTCM-G)-treated rat, and (C) a dehydroxymethylepoxyquinomicin (DHMEQ)-treated rat.
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![Total scores of histological grading for colitis in the control, 3-\[(dodecylthiocarbonyl)-methyl\]-glutarimide (DTCM-G), and dehydroxymethylepoxyquinomicin (DHMEQ) groups. ^\*\*^P\<0.001; ^\*\*\*^P\<0.0001.](IJMM-37-06-1457-g06){#f4-ijmm-37-06-1457}

###### 

Submucosal densities of immune cells in the control, 3-\[(dodecylthiocarbonyl)-methyl\]-glutarimide (DTCM-G), and dehydroxymethylepoxyquinomicin (DHMEQ) groups. ^\*\*^P\<0.001; ^\*\*\*^P\<0.0001.
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###### 

Submucosal leukocytes in (A) a control rat, (B) a 3-\[(dodecylthiocarbonyl)-methyl\]-glutarimide (DTCM-G)-treated rat, and (C) a dehydroxymethylepoxyquinomicin (DHMEQ)-treated rat.
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###### 

Lymphocytes in the mucosa of (A) a control rat, (B) a 3-\[(dodecylthiocarbonyl)-methyl\]-glutarimide (DTCM-G)-treated rat, and (C) a dehydroxymethylepoxyquinomicin (DHMEQ)-treated rat.
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###### 

Submucosal macrophages/monocytes in (A) a control rat, (B) a 3-\[(dodecyl thiocarbonyl)-methyl\]-glutarimide (DTCM-G)-treated rat, and (C) a dehydroxymethylepoxyquinomicin (DHMEQ)-treated rat.
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###### 

Submucosal density of mast cells in (A) a control rat, (B) a 3-\[(dodecyl thiocarbonyl)-methyl\]-glutarimide (DTCM-G)-treated rat, and (C) a dehydroxymethylepoxyquinomicin (DHMEQ)-treated rat.
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